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Posttranscriptional regulatory elements in the 30-untranslated region (UTR) of mRNAs play an important
role in mRNA stabilization. Induction of IkB-z, a critical transcriptional regulator in the innate immune
response, is mediated via speciﬁc mRNA stabilization by lipopolysaccharide (LPS) and interleukin (IL)-1b.
It is known that the 30-UTR of IkB-z, especially 165 nucleotides after the stop codon, plays a crucial role in
mRNA stability. Herein, we show that AU-rich elements and miRNA targets in these 165 30-UTR nucle-
otides are dispensable for stability of IkB-z mRNA. Additionally, NF-kB activation is important for IkB-z
transcription, but dispensable for IkB-z mRNA stability. Interestingly, high-throughput screening results
show that MyD88, a signal molecule responsive to LPS/IL-1b stimulation, is key for stabilizing IkB-z
mRNA expression. Moreover, MyD88-deﬁcient macrophages exhibited a decreased half-life of IkB-z
mRNA expression. These results indicate that the LPS/IL-1b-MyD88 axis plays a crucial role for stabili-
zation of IkB-z mRNA.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
IkB-z is a nuclear IkB family protein that can be up-regulated by
lipopolysaccharide (LPS)/interleukin (IL)-1b stimulation [1,2]. IkB-z
forms a complex with NF-kB through its six ankyrin repeats and
regulates the gene expression of NF-kB targets such as IL-6, ELAM-1,
and NGAL in macrophages [3e5]. Although the NF-kB activation
pathway plays a crucial role in IkB-z expression, posttranscriptional
mechanisms that affect the stability of IkB-z mRNA have a greater
effect on IkB-z expression [5e7].
In T cells, IkB-z can be up-regulated in response to transforming
growth factor (TGF)-b and IL-6 and positively regulates IL-17, which
cooperates with transcription factor RORgt [8]. In addition, TGF-b
and IL-6 promote pathogenic Th17 cells with IL-1 stimulation by
increasing the amount of IkB-z [9]. On the other hand, IkB-zents; BMDMs, Bone marrow
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Inc. This is an open access article udeﬁciency in T cells produces a large amount of interferon (IFN)-g
and disrupts immune homeostasis [10]. Therefore, IkB-z is impor-
tant for immune homeostasis and inﬂammatory responses, and
stimuli that affect IkB-z mRNA stability are key to repressing
inﬂammation without disrupting immune homeostasis.
Mechanisms of mRNA stability mediated by the 30-untranslated
region (UTR) are well established. Adenine and uridine-rich ele-
ments (AREs) in the 30-UTR recruit AREs-binding proteins, such as
KSRP and TTP, which destabilize the mRNA [11,12]. In contrast,
AREs-binding proteins YB1 and HuR stabilize ARE-containing
mRNAs [13,14]. MicroRNAs (miRNAs), small endogenous RNAs,
also affect mRNA stability by recognizing and base pairing with
sequences in the 30-UTR and control posttranscriptional levels by
promoting mRNA degradation [15]. For IkB-z, a 165-nucleotide
(165-nt) element after the stop codon in the 30-UTR is a key
element for mRNA stability controlled by the IL-1b signaling
molecule IRAK-1 [7,16]. However, knockdown of IRAK-1 has little
effect on IkB-z mRNA stabilization [16]. On the other hand,
Regnase-1 in cooperation with Roquin can degrade IkB-z mRNA
through the 30-UTR [17].
In this study, we reveal by high-throughput screening that the
LPS/IL-1b signaling molecule MyD88 can induce IkB-z mRNA sta-
bilization. These results demonstrate the potential for controlling
stimulation-speciﬁc inﬂammatory responses without disruptingnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.1. Mice
MyD88-deﬁcient mice were purchased from Oriental BioService
(Kyoto, Japan). All mice were raised under speciﬁc pathogen-free
conditions in the animal facilities of Tohoku University. All animal
protocols were approved by the Institutional Committee for the Use
and Care of Laboratory Animals of Tohoku University.2.2. Cells
RAW264.7 and HEK293 cells were cultured in Dulbecco's
modiﬁed Eagle's medium (DMEM; Life Technologies Corp., Carls-
bad, CA) containing 10% (v/v) heat-inactivated fetal calf serum,
100 U/mL penicillin, and 100 mg/mL streptomycin. Bone marrow-
derived macrophages (BMDMs) were generated from bone
marrow stem cells of thigh, shin, and tibia bones using L929 cell
conditioned medium [18]. The RAW264.7-R12 cell line was
described previously [18]. The RAW264.7-Z165#2 cell line was
generated in this study. Brieﬂy, pGL4.12-SV40-[Luc2CP]-IkB-z-165-
nt [19] reporter plasmids were transfected into RAW264.7 cells
using Hilymax (DOJINDO, Kumamoto, Japan) according to the
manufacturer's instructions, and a clone resistant to 0.5 mg/mL
G418 (Nacalai Tesque, Kyoto, Japan) was selected.2.3. Plasmids
Expression vectors for overexpression of FLAG-tagged versions
of MyD88 were constructed with the pcDNA3 vector (Life Tech-
nologies, Madison, WI) as described previously [20]. A reporter
plasmid for the 165-nt mouse IkB-z 30-UTR was cloned into the
pGL4.12 vector (Promega) downstream of the luciferase gene [19].
Mutations in the reporter plasmid were inserted by site-directed
mutagenesis (New England Biolabs, Ipswich, MA) according to
the manufacturer's instructions. The phRL-TK plasmid was ob-
tained from Life Technologies and Promega Corp. (Madison, WI),
respectively.2.4. Luciferase assays
HEK293T cells (1  105 cells) were transfected by calcium
phosphate-DNA coprecipitation with pGL4.12-SV40-[Luc2CP]-IkB-
z-165-nt (360 ng) or pGL4.12-SV40-[Luc2CP] (360 ng), pcDNA3
(80 ng), pcDNA3-FLAG-MyD88 (80 ng), and phRL-TK-Luc (0.8 ng)
plasmids. Twenty-four hours after transfection, the medium was
changed, and the cells were maintained for another 24 h.
RAW264.7 cells (1  105 cells) were transfected with pGL4.12-
SV40-[Luc2CP]-IkB-z-165-nt (90 ng) or pGL4.12-SV40-[Luc2CP]
(90 ng) and phRL-TK-Luc (10 ng) by Hilymax (DOJINDO). Four hours
after transfection, the medium was changed, and the cells were
maintained for another 24 h. Thereafter, the cells were stimulated
with or without (control) 100 ng/mL LPS (Invivogen, San Diego, CA)
for 2 h.
Luciferase activities were measured by the Dual-Luciferase Re-
porter Assay System according to the manufacturer's instructions
(Promega). Data shown are mean ± standard error of mean (S.E.M.)
obtained using the average of duplicate or triplicate samples in one
representative experiment from at least two independent experi-
ments. The luciferase activity was monitored using a Centro LB960
(Berthold Technologies, Bad Wildbad, Germany).2.5. High-throughput screening
HEK293T cells (0.625  104 cells) were transfected by Lip-
ofectamine LTX (Life Technologies, Madison, WI) with pGL4.12-
SV40-[Luc2CP]-IkB-z-165-nt (9 ng) and phRL-TK-Luc (1 ng) plas-
mids and Thermo Mammalian Genome Collection (MGC) 9600
mouse clone sets (40 ng each) (Scripps Florida, Jupiter, FL) ac-
cording to manufacturer's instructions. Twenty-four hours after
transfection, Luciferase activities were measured by the Dual-
Luciferase Reporter Assay System according to the manufacturer's
instructions (Promega). The luciferase activity was read by a mul-
tilabel plate reader ARVO X2 2030-0020A (Perkin Elmer, Waltham,
MA).
2.6. Bone marrow-derived macrophages (BMDMs)
Generation of BMDMs was described previously [18]. Brieﬂy,
bone marrow stem cells were cultured on 24-well plastic plates
(1  106 cells/mL) in the presence of 10% LCCM in DMEM at 37 C
under 5% CO2. The culture medium was exchanged on day 4, and
adherent cells (BMDMs) were harvested on day 7.
2.7. Real-time reverse transcriptase PCR (RT-PCR)
Total RNA was prepared using RNAiso Plus (Takara Bio). mRNA
levels of Nfkbiz, Gapdh, and Luc2cpwere quantiﬁed by real-time RT-
PCR using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA), SYBR Premix EX Taq (Takara
Bio), and a LightCycler 3302 (Roche Diagnostics GmbH, Mannheim,
Germany). The sequences of the primers used were as follows: 50-
GCGCTCTCGTATGTCC -30 and 50- AGACTGCCGATTCCTC -30 for
Nfkbiz; 50- TCCCAGAGCTGAACGG -30 and 50- GAAGTCGCAGGAGACA
-30 for Gapdh; 50- CTTACTGGGACGAAGACGAAC -30 and 50-
CCGTGCTCCAAAACAACAAC -30 for Luc2cp.
2.8. RNA decay assay
RAW264.7-Z165#2 cells or BMDMs were cultured with 10 mg/
mL Actinomycin D (Life Technologies) to terminate de novo tran-
scription [5]. Thereafter, cells were stimulated with 100 ng/mL LPS.
mRNA expression levels were measured by RT-PCR for LPS-
stimulated and unstimulated cells.
2.9. Statistical analysis
The Student's t-test (2-tailed) was used to determine signiﬁcant
differences between two groups.
3. Results
3.1. AREs and miRNA target sequences are dispensable for IkB-z
mRNA stability
A previous study demonstrated that AREs in the 30-UTR play a
crucial role for mRNA stabilization [21]. We analyzed the sequence
of the 165-nt element in the 30-UTR of IkB-z and identiﬁed AREs
(AUUUA) (Fig. 1A). To check the effect of the AREs on IkB-z mRNA
stability, we inserted a mutation to disrupt the AREs (AUUUA-
/AGGUA) in pGL4.12-SV40-[Luc2CP]-IkB-z-165-nt reporter plas-
mids [7] and found that the AREs mutant reporter plasmid was
activated by LPS stimulation in Raw264.7 cells at a level similar to
that of the control reporter plasmid (Fig. 1B). miRNAs can also
regulate posttranscriptional mRNA stability through the 30-UTR
[22], and we identiﬁed three putative miRNA target elements
(GAGCCUGG: miR-484; UCUAUGAA: miR-374, miR-410, and miR-
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(A) Diagram of the 165-nt element of IkB-z. (B) Relative reporter activities in RAW264.7
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Fig. 2. Functional analysis of stable cell line. (A) Time course of relative Luc2cp
expression in RAW264.7-Z165#2 cells in the presence of LPS (100 ng/mL). Data were
normalized to Gapdh expression, and the level in the absence of LPS stimulation (0 h)
was deﬁned as 1. Data shown are the mean ± S.E.M. of duplicate samples and are
representative of at least two independent experiments. Data were normalized to
Gapdh expression, and the level in the absence of LPS stimulation (0 h) was deﬁned as
100%. (B) Relative remaining Luc2cp expression in RAW264.7-Z165#2 cells. (C, D)
Relative reporter activity in R12 cell lines (C) or Z165#2 cell line (D). In the absence of
LPS and Lactacystin (3 mM), the level was deﬁned as 1. Data shown are the
mean ± S.E.M. of duplicate samples and are representative of at least three indepen-
dent experiments.
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(Fig. 1A). Accordingly, we mutated each target sequence (GAGC-
CUGG/GAGGGAGG, UCUAUGAA/UCUUAGAA, UAUUAUAU-
/UAUAUAUA) individually in pGL4.12-SV40-[Luc2CP]- IkB-z-165-
nt reporter plasmids and monitored the levels of the reporter
gene. Our results indicate that these miRNA target elements are
also dispensable for IkB-z posttranscriptional activity (Fig. 1B).
3.2. The NF-kB pathway is dispensable for IkB-z mRNA stability
Because NF-kB activation is a key transcriptional event in
expression of IkB-z mRNA, we next determined whether NF-kB
pathway activation plays a crucial role in IkB-z mRNA stability. We
cloned a stable pGL4.12-SV40-[Luc2CP]-IkB-z-165-nt reporter
plasmid induction cell line (RAW264-Z165#2), and conﬁrmed that
the reporter activity in RAW264-Z165#2 cells was up-regulated in
response to LPS stimulation (Fig. 2A). LPS stimulation also played a
crucial role for the stability of IkB-z mRNA levels in RAW264-
Z165#2 cells (Fig. 2B), which is consistent with previous reports
[7]. In addition, we monitored NF-kB activity in our RAW264.7 R-
12 cell line and screened inhibitors to determine whether NF-kB
signaling plays a crucial role for stability of IkB-z mRNA gene
expression in both RAW264-Z165#2 and RAW264.7 R-12 cell lines
(Supplemental Table 1). We found that treatment with the pro-
teasome inhibitor lactacystin inhibited NF-kB reporter activity in
RAW264.7 R-12 cells in response to LPS stimulation but did not
inhibit pGL4.12-SV40-[Luc2CP]-IkB-z-165-nt reporter activity in
RAW264-Z165#2 cells (Fig. 2C, D and Supplemental Table 1). In
addition, other NF-kB inhibitors (Debromohymenialdisine, JAK in-
hibitor IV, and DMAT) inhibited reporter activity in RAW264.7 R-12
cells but not pGL4.12-SV40-[Luc2CP]-IkB-z-165-nt reporter activity
in RAW264-Z165#2 cells with LPS stimulation (Supplemental
Table 1). In contrast, Chetomin (HIF inhibitor) and Kenpaullone
(CSC2 inhibitor) treatment had no effect on NF-kB reporter activity
in RAW264.7 R-12 cells but inhibited pGL4.12-SV40-[Luc2CP]-IkB-
z-165-nt reporter activity in RAW264-Z165#2 cells in response to
LPS stimulation (Supplemental Table 1). Thus, NF-kB activation is
dispensable for IkB-z mRNA stability. Furthermore, p38 MAPKinhibitors (PD169316, SB203580, SB202190, and SB239063), ERK
inhibitor, and JNK inhibitors (SP600125 and JNK inhibitor VIII) did
not affect pGL4.12-SV40-[Luc2CP]-IkB-z-165-nt reporter activity in
RAW264-Z165#2 cells in response to LPS stimulation
(Supplemental Table 1). Thus, LPS-activated MAPK, ERK, and JNK
pathways are also dispensable for IkB-z mRNA stability.3.3. MyD88 plays a critical role for IkB-z mRNA stability
To identify the critical factors in this process, we next conducted
a high-throughput screen using a Thermo Mammalian Genome
Collection (MGC) 9600 mouse clones (Scripps Florida). We found
that the MyD88 expression vector activates the pGL4.12-SV40-
[Luc2CP]-IkB-z-165-nt reporter to a much greater extent than other
clones (Fig. 3A and Supplemental Table. 2). Although IRAK-1 was
reported to play a crucial role for IkB-z mRNA stability [16], our
high-throughput screen shows little effect of IRAK-1 over-
expression (Fireﬂy/Renilla ¼ 0.005714286) on the stability of IkB-z
mRNA (Supplemental Table. 2). In addition, we conﬁrmed that
overexpression of MyD88 signiﬁcantly activated pGL4.12-SV40-
[Luc2CP]-IkB-z-165-nt reporter activity in HEK293 cells (Fig. 3B).
Because MyD88 is a TLR signaling molecule [23], we performed an
RNA decay assay. Actinomycin D are commonly used inhibitor of
transcription [5]. Thus, LPS stimulation in the presence of Actino-
mycin D, the cells fail to transcription and showmRNA degradation.
In this RNA decay assay, we found that MyD88-deﬁcient macro-
phages exhibited decreased mRNA stabilization (Fig. 3C). Thus, this
study revealed that MyD88 plays a crucial role for stability of IkB-z
mRNA.4. Discussion
In this study, we focus on the stability of IkB-zmRNA expression,
and revealed that MyD88 is a critical factor for stable IkB-z mRNA
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Therefore, we suggest that MyD88-deﬁcient macrophages fail to
express IkB-z and IL-6 in response to LPS stimulation [4] due to a
lack of IkB-z mRNA stabilization. In B cells, we conﬁrmed that LPS
stimulation is important for post-transcriptional pathways through
its 30-UTR regions, but LPS-induced MyD88 signaling does not
affect initial transcription of IkB-z mRNA [19]. In T cells, IL-1
signaling can also activate MyD88 pathways and augment IkB-z
expression [9]. In addition, IkB-z in T cells promotes Th17 differ-
entiation in cooperation with RORgt [8]. Another report showed
that MyD88-deﬁcient T cells exhibit lower IkB-z expression and
Th17 cell differentiation in response to TGF-b þ IL-6 þ IL-1b stim-
ulation [24]. Thus, T cell-speciﬁc MyD88-deﬁcient mice have less
ability to generate pathogenic Th17 cells and are resistant to
experimental autoimmune encephalomyelitis. We suggest that IL-1
signaling in T cells promotes IkB-zmRNA stability, which augments
pathogenic Th17 cell generation. In the case of IFN-g-induced
Protein-10 gene expression, MyD88-dependent post-
transcriptional mechanisms through 30-UTR AREs play a crucial
role in mRNA stability [25]. In the present study, MyD88 down-
stream molecules are more important, especially MLK3- and p38-
dependent transcript stabilization, but not IRAK1-dependent. In
addition, LPS stimulation activates the p38 pathway, which can
induce tristetraprolin phosphorylation to stabilize TNF-a mRNA
through binding to AREs in the 30-UTR regions [26]. Here, we
suggest that the MyD88-dependent stability of IkB-z is likely owing
to a unique, AREs-independent mechanism. Thus, our results
demonstrate stimulation-speciﬁc IkB-z expression through
MyD88-mediated mRNA stability, a critical concept which may
have therapeutic potential in regulating autoimmune diseases
without disrupting immune homeostasis.Conﬂict of interest
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